A B S T R A C T During phagocytosis, neutrophils release a variety of substances that include activators and inactivators ofchemotactic factors. It is generally considered that these represent hydrolytic enzymes. Elastase and cathepsin G, major proteases released from lysosomal granules during phagocytosis, contain broad hydrolytic activity. This study examined granule elastase and cathepsin G for their role as inactivators of chemotactic factors. Elastase and cathepsin G were purified from human neutrophils by Trasylol-Sepharose and CM-cellulose chromatography. Small amounts (-3 ,g, 1 ,M) of elastase and cathepsin G, comparable to quantities released by 106 neutrophils during phagocytosis, completely inactivated the C5 chemotactic factor generated in human serum. Larger concentrations were needed to inactivate the C3 chemotactic factor, and when the bacterial chemotactic factor from Escherichia coli was employed, five times more elastase or cathepsin G was ineffective against this chemotactic factor. Supernatant fluid from human neutrophils that had ingested complement-coated zymosan particles contained elastase and cathepsin G and had inactivator activity for both the C5 chemotactic fragment and the bacterial factor. A specific inhibitor of elastase largely abolished the inactivator activity in the phagocytic supernates that was directed against C5 factor but did not affect the inactivator activity for the bacterial factor. Similar results occurred in studies of granule lysates. These data indicate heterogeneity in the chemotactic factor inactivator activity released by phagocytosing neutrophils. The 
INTRODUCTION
During phagocytosis, polymorphonuclear leukocytes (neutrophils) release factors that both activate and inactivate neutrophil chemotactic factors. The activation occurs primarily through effects on the alternate complement pathway, resulting in generation of chemotactic fragments from C5, and these chemotactic fragments can also be generated as well as inactivated by direct interaction with a C5-cleaving enzyme released during phagocytosis (1, 2) .
Two types of substances inhibitory for neutrophil chemotaxis are released from phagocytizing leukocytes. These include a cell-directed inhibitor, termed the neutrophil-immobilizing factor, which directly blocks cellular responses to chemotactic factors, and a second factor which appears to inactivate the C5 chemotactic fragment (1, 3) . Published data indicate that the neutrophil-immobilizing factor is heat stable, whereas the inactivator activity of the C5 chemotactic fragment is heat labile at 56°C (1, 3) .
The present study describes further the heat labile chemotactic factor inhibitor activity released by phagocytizing leukocytes. This inhibitory activity affects not only the C5 chemotactic fragment, but also the C3 chemotactic fragment and the bacterial chemotactic factor derived from Escherichia coli. The inactivator activity against the C3 and C5 chemotactic factors is attributable to the neutral proteases, elastase and cathepsin G, which are present in azurophillic granules of polymorphonuclear leukocytes, and is not related to the serum chemotactic factor inactivator (CFI)1 previously described (4) . The inhibitory activity against bovine serum albumin (BSA) and 20 i±g nitrogen of rabbit precipitating antibody (present in the IgG fraction) were incubated at 37°C for 30 min with 2 x 107 neutrophils/ml. These incubations were treated in a manner similar to that previously described when zymosan particles were used. To quantitate the degree of phagocytosis, uptake of radioactivity labeled immune complexes (125I-BSA) as well as release of ,8-glucuronidase were measured (5).
Preparation of leukocyte granule extract. -3 x 1010 leukocytes were obtained from a healthy human volunteer by leukapheresis. The residual erythrocytes were removed by dextran sedimentation, followed by hypotonic hemolysis (see above). The resulting cell suspension from the leukapheresis consisted of >90% neutrophils. The leukocytes were pelleted by centrifugation at 800 g for 10 min. The cell pellet was transferred to a grinding tube (size B, Arthur H. Thomas Co., Philadelphia, Pa.) and homogenized with a drill press in 20 ml isotonic saline, and then centrifuged at 800g for 10 min. The supernate was decanted and recentrifuged at 13,000 g for 20 min. The resultant supernatant fluid, designated cell sap, was removed and stored frozen at -70°C. The pellet containing the granules was suspended in 3 ml of phosphate-buffered saline (PBS) and then subjected to seven freeze-thaw cycles using, alternately, dry-ice acetone and tap water. The granule pellet was then centrifuged at 20,000 g for 30 min at 4°C. The clear supernatant fluid was the granule lysate. It was removed and stored in small aliquots at -70°C. The remaining pellet containing granule membranes was washed twice by mixing with PBS and centrifugation at 20,000g for 30 min. The pellet was then stored at -70°C. In some preparations, the granules were disrupted by suspension in 0.2 M sodium acetate, pH 4.0, at 4°C overnight, because this procedure achieves improved extraction of cathepsin G and elastase.
Purification of leukocyte elastase and cathepsin G. Leukocyte elastase and cathepsin G were purified from granule extract by chromatography on Trasylol-Sepharose and CMcellulose, as described by Baugh and Travis (6) . The purified enzymes were lyophilized and stored at 4°C. Enzyme concentrations were determined from their absorbance at 280 nm and published extinction coefficients. The residual protein in the granule extract, after removal of elastase and cathepsin G, was concentrated with an Amicon ultra filtration cell (PM-10 membrane) to a final volume identical to the volume of granule extract, dialyzed overnight against cold PBS, and stored at -700C.
Enzyme assays. f8-Glucuronidase and acid phosphatase were measured using the substrates phenolphthalein glucuronide and p-nitrophenyl phosphate. Elastase activity was measured using succinyl-L-alanyl-L-alanyl-L-alanine-p-nitroanilide substrates as previously described with the modification that the reaction volume was kept at 1 ml, and that only 10 ,ul of substrate solution was used (7) . In some experiments involving either residual granule protein after elastase and cathepsin G removal, or enzyme inhibitors, elastolytic activity was measured with elastin-agar (8) . Cathepsin G was determined using benzoyl-L-tyrosine ethyl ester substrate in the modified Hummel assay (9) . Lactic dehydrogenase was measured by following the rate of oxidation of NADH according to the method of Wrobleski and LaDue (10) . Dilutions were taken into account so that enzyme activity could be related to the amount of enzyme activity present in unfractionated freeze-thawed cell extract. As observed by others, more enzyme activity was recovered when individual subcellular fractions were tested, due apparently to the separation of enzyme inhibitor(s) contained within the cells.
Chemotactic factor inactivator activity. The following were assayed for CFI activity: granule lysates, residual granule lysate after extraction of elastase and cathepsin G, purified leukocyte elastase and leukocyte cathepsin G, and the residual granule protein after elastase and cathepsin G had been removed by affinity chromatography.
CFI activity was assayed by preincubating the granulocyte components or phagocytic supernates with chemotactic factors. The chemotactic factors included the bacterial chemotactic factor and C3 and C5 chemotactic fragments, generated according to previously established procedures and isolated by molecular sieving techniques (11) .
The chemotactic assay involved the modified Boyden chamber and rabbit neutrophils suspended in 0.019% bovine serum albumin in Hanks' medium containing 0.05 M Tris buffer (pH 7.4) (11). The total number of migrating cells in micro-pore filters (0.65 ,um porosity) was assessed by sequential counts at every 10 ,im depth, all of which were totaled for a given filter (after counting under high power five fields selected at random). Calculation of CFI activity was made on the basis of percent reduction in the chemotactic activity (11) . In experiments involving enzyme inhibitors, the material to be assayed for CFI was preincubated with potential inhibitors for 30 or 60 min at room temperature or 37°C. A stock solution of elastase inhibitor (EI) (see above) was prepared by dissolving the substance in methanol at a concentration of 5 mM. A fresh 1 mM solution of this inhibitor was made daily by dilution with PBS. The final methanol concentration was 5-10% (vol/vol). For control purposes, a dilution of methanol was made in the absence of the inhibitor. When compared with elastase activity in the absence of methanol, no effect of the methanol was found. Soybean trypsin inhibitor was dissolved in PBS at 4 mg/ml and used in a final concentration of 1-2 mg/ml. The concentration of EI was 100-200 ,uM, a range at which the inhibitor was in 20-40-fold excess relative to the enzyme concentration. Under these conditions, the El blocked virtually all elastase activity within 30 min. The EI had no effect upon Blocking by BSA ofthe CFI activity in granule lysate. Inasmuch as elastase and cathepsin G are proteases with rather broad substrate specificity, an experiment was designed to determine whether high levels of a serum protein (bovine albumin) would block the ability of granule lysates to inactivate the C5 fragment. 5 ,lI of a 25% (w/v) solution of BSA was added to 5 ul of granule lysate and 40 gl of C5 fragment. The mixture was incubated for 30 min at 37°C, diluted to 1.0 ml with Hanks' medium, and assayed for residual chemotactic activity. By colorimetric analysis, BSA contained no specific inhibitor activity against the elastase activity in granule lysates, indicating the BSA preparation was free of serum protease inhibitors.
RESULTS
Release of lysosomal enzymes and chemotactic inactivator activity from phagocytizing leukocytes. Supernatant fluids from suspensions of neutrophils (obtained by dextrose sedimentation) that had ingested opsonized zymosan particles contained elastase, cathepsin G, ,-glucuronidase, acid phosphatase, but little lactic dehydrogenase activity (<5% of total, Fig.  1 ). These activities were detectable after 5 min and maximal at 45 min. In addition, inhibitory activity against the bacterial chemotactic factor as well as the C3 and C5 chemotactic fragments was also found, with a plateau ofinhibition occurring between 15 and 30 min (Fig. 2 ). Chemotactic factor inhibitory activity and lysosomal enzyme activity in supernatant fluids from nonphagocytizing cells were insignificant, with less than 15% inhibition of the chemotactic activities achieved by these fluids ( Fig. 1, 2 ). The studies in Figs. 1 and 2 were repeated using the neutrophil-rich zone obtained by Ficoll (Fig. 1) . These data indicate that the chemotactic inactivator activity is released from phagocytizing neutrophils in parallel with lysosomal enzymes. Similar studies using human leukocytes and immune complexes (in the form of precipitates) as the phagocytic particles indicated that the CFI activity was released during the phagocytosis of immune complexes. When the phagocytic cell supernatant fluids (100 ,ul) from these incubations were assayed for the chemotactic inhibitor, there was 50% inhibition of the leukotactic response to bacterial chemotactic factor and 40% inhibition of the response to the C5 chemotactic fragment.
Inhibition of the C5 CFI in phagocytic supernatant fluids. Phagocytic cell supernatant fluids were preincubated with EI or SBTI. Both inhibitors blocked the inactivator activities in phagocytic cell supernatant fluids directed against the C5 chemotactic factor, whereas only SBTI blocked the inactivator of the bacterial chemotactic factor (Table I) . Solutions of inhibitors alone or supernatant fluids from non-phagocytizing cells did not show inhibitory chemotactic activity (<5% loss of chemotactic activity) for either of the chemotactic factors tested. These results suggest there are at least two different CFI present in phagocytic supernatant fluid: one that inactivates the C5 chemotactic fragment and another that inactivates the bacterial chemotactic factor.
pH Profile ofleukocyte-associate C5 CFI. To determine the pH optimum for the inactivation of the C5 chemotactic fragment by phagocytic supernatant fluids, 50 ,ul ofphagocytic cell supernatant fluids (from neutrophils incubated with opsonized zymosan particles) were incubated with 50 ,ul of C5 fragment and 100 ,ul of 0.4 M Tris-maleate buffer at 37°C for 60 min, cooled to 50C, and then diluted to 1 ml with Hanks' solution (17) . All samples were adjusted to a final pH of 7.3 for chemotactic assay. In two independent experiments, three distinct zones of inactivator activity were found near pH values of 5.5, 6.8, and 8.3 (Fig. 3, A and B) . Chemotactic Factor Inactivators from Granulocytes Fig. 4 indicate that the phagocytic supernatant and purified leukocytic elastase can generate chemotactic activity, and, upon prolonged incubation, the chemotactic activity generated disappears. The ability ofphagocytic supernatant fluid to generate chemotactic activity was found to be blocked by the EI. These data, together with those described above, would suggest that the previously described C5 cleaving activity in phagocytic supernates is largely due to elastase released during phagocytosis (2) . Subcellular localization of the chemotactic inhibitor. In two different experiments, leukocytes were fractionated into the nuclear, lysosomal, microsomal, and cytosol fractions, and chemtoactic inhibitory activity of each fraction against the bacterial and C5 chemotactic factors was compared with the inhibitory activity present in crude cell homogenates (Table II) . In addition, cell fractions were assayed for lactic dehydrogenase and the lysosomal enzyme markers ,B-glucuronidase, acid phosphatase, and elastase.
The lysosomal enzymes were found in large amounts in the granular (lysosomal) fractions and in the cell homogenates; only small amounts were found contaminating the nuclear and microsomal fractions. No elastase activity was detected in the cytosol fraction even by the sensitive elastin-agarose plate method, although small amounts of,8-glucuronidase and phosphatase were present in this fraction. Because ofthe virtual absence of mitochondria in neutrophils, no attempts were made to isolate this fraction (19) .
Chemotactic inhibitory activity was found distributed in all fractions of human neutrophils, but ,ug ENZYME whereas the bacterial chemotactic factor is resistant to inactivation by these enzymes. CFI activity of granule lysate after removal of elastase and cathepsin G. Eluates of the TrasylolSepharose column that did not contain either elastase or cathepsin G had no CFI activity against C5 fragment.
The result was still negative even with eluate from ten times as much of the starting granule lysate as was needed to completely inactivate the C5 fragment. In contrast, the eluate displayed some (50-75%) CFI activity against bacterial factor.
Interaction of inactivator in phagocytic cell fluids with chemotactic factor. To determine whether the chemotactic inhibitor in phagocytic cell supernatant fluids was acting on the chemotactic factors or was directed against the leukocytes, supernatant fluids from leukocytes (obtained after 40 min of phagocytosis) were mixed with either the bacterial chemotactic factor (present in the lower compartment of the chemotactic chamber) or with the cell suspension (present in the upper compartment of each chamber). These results indicated that 80-92% of the chemotactic response was inhibited by the phagocytic supernatant fluid after mixture with the chemotactic factor, whereas addition of the phagocytic fluid to the cell suspension resulted in only 10-29% inhibition of the chemotactic response. A second experiment (Table IV) revealed evidence for the direct interaction of the inhibitor with the chemotactic factor. Supernatant fluids (100 /1d) from human leukocytes, which had phagocytized zymosan particles, or leukocyte granule lysate (5 ul) were heated at 56°C for 1 h, either before or after incubation with the C5 chemotactic factor (10 ,ul) or the bacterial chemotactic factor (100 ,lI). The C5 chemotactic factor and the bacterial factor, mixed with buffer, were found (as expected) to be heat stable. If the mixtures of cell supernatant fluid or granule lysate and chemotactic factor were heat-inactivated after the inhibitor had been allowed to interact with the chemotactic factor, the percent inactivation was similar to that in unheated controls. However, ifthe phagocytic supernatant was heated at 56°C for 1 h before the addition of chemotactic factor, the inhibitory activity dropped from 76 and 88% to 27 and 29% for the C5 chemotactic factor whereas the granule lysate inhibition of the C5 chemotactic factor dropped from 100 to 52% after heat treatment (Table IV) . Likewise, preheating the supernatant fluid removed its ability to inactivate the bacterial chemotactic factor.
Nondialyzable nature of the chemotactic factor inhibition. Supernatant fluids from human leukocytes phagocytizing zymosan particles for 30 min were dialyzed for 24 h against PBS, pH 7.1, and then tested for inhibitory activity against bacterial and the C3 and C5 chemotactic factors. Inhibitory activity was not lost after dialysis of the supernatant fluids for 24 h. Thus, the chemotactic inhibitor present in phagocytic 1286 DISCUSSION These results indicate that the principal neutral proteases in granules of neutrophils (PMN), namely elastase and cathepsin G, have the capacity to inactivate chemotactic factors derived from C3 and C5. The findings are not surprising because the C3 and C5 chemotactic factors are believed to be peptides of appreciable size (10,000 daltons or more), and the PMN neutral proteases have broad proteolytic activity. Indeed, Venge and Olson (20) have already shown inactivation ofthe chemotactic activity of C5 by cathepsin G, and Johnson et al. (21) have speculated that PMN elastase and collagenase may inactivate chemotactic factors once these same enzymes have generated chemotactic fragments from native C3 and C5. What is notable in this study, however, is the observation that neutral proteases sufficient to inactivate complement-derived chemotactic factors are released from small numbers of phagocytizing PMN. It would appear that neutral proteases account for the C5 CFI released from PMN described by Wright and Gallin (1) .
The potential for regulation of leukotaxis by PMN neutral proteases is suggested by these data. However, one might suspect that these proteases have only a minor role, in that they can be readily inhibited by circulating and by tissue-related inhibitors such as a-l-antitrypsin, a-2-macroglobulin, and the inhibitor present in bronchial secretions of humans (22) . It is to be stressed that the presence ofthese inhibitors renders difficult any appraisal of the role in inflammatory reactions of PMN neutral proteases, not only in regulating leukotaxis, but also in bacterial killing and digestion and in the pathogenesis of pulmonary emphysema and inflammatory joint disease in which a role for PMN proteases has been incriminated (23) .
It was of interest to find that PMN-associated CFI activity for the bacterial factor was distinguishable from the PMN-associated CFI activity effective against complement-derived chemotactic factors. The bacterial factor used in these studies was a crude mixture that probably contains lipid as well as peptides. Had a partially purified preparation been used, such as the previously described pronase-sensitive factor, the preparation might have been found susceptible to the PMN neutral proteases (24) . In any event, the PMN appears to have multiple types of CFI activity, and the data indicate a structual difference between bacterial chemotactic factor and complement chemotactic factors.
PMN neutral proteases are distinct from the CFI activity in serum. Serum CFI is not affected by a-lantitrypsin, a-2-macroglobulin, SBTI, or chloromethylketones, all of which block the neutral proteases. The molecular weight of serum CFI appears to be much larger than the molecular weights of the neutral proteases. 2 From a functional standpoint, serum CFI and the PMN neutral proteases also show marked differences. Minute amounts of serum CFI can inactivate C3-and C5-derived chemotactic factors even in mixtures containing other proteins in high concentrations. This reflects great specificity of the serum CFI for these chemotactic factors. On the other hand, PMN neutral proteases do not display such specificity, inasmuch as their effectiveness as CFI diminishes markedly at low concentrations (less than about 1 ,uM) or in the presence of albumin, which apparently can serve as a substrate. Thus, it would appear that the PMN neutral proteases appear to have CFI activity only as a by-product of their broad hydrolytic activity.
The experiments employing granule lysates and purified elastase and cathepsin G support the conclusion that the CFI activity is released by phagocytosing PMN. Use of PMN granule lysates is complicated, however, by the methods chosen for PMN collection, granule recovery, and extraction. We collected large numbers of PMN by leukapheresis, a technique that may alter the cells (25) . Moreover, the conditions for preparation of granule lysates favor recovery of easily soluble material that is active at neutral pH. It is possible that different methods of preparation and extraction would have yielded different relative amounts ofthe proteases and even other proteases. For example, collagenase, present in azurophillic granules, and capable of cleaving C3, was not studied (21, 26) . It may be concluded that the granule extract we studied does not entirely reflect granules within circulating PMN.
The data from this study indicate that the concept of CFI has to be expanded to include PMN neutral proteases. Although lacking in the great specificity seen with serum CFI, these substances may still play a part in regulation of the inflammatory response.
